Background: Intracranial aneurysms are pathological dilatations of the cerebral artery, while rupture of intracranial aneurysms causes life-threatening subarachnoid hemorrhage. The molecular mechanisms of pathogenesis of intracranial aneurysms are poorly understood. MicroRNAs have fundamental roles in modulating vascular biology and disease. In the present study, we carried out a genome-wide characterization on expressions of microRNAs, and performed integrative analyses in conjunction with changes of the transcriptome in human intracranial aneurysms.
Background
Intracranial aneurysms (IAs) are pathological dilatations of the cerebral artery; rupture of IAs is the primary cause of life-threatening subarachnoid hemorrhage (SAH) [1] [2] [3] . The cellular and molecular mechanisms underlying the pathogenesis of IA formation are still poorly understood. Factors including smoking, hypertension, excessive alcohol consumption, vascular inflammation, nutritional factors and mechanical forces produced by the blood flow may all contribute to the formation and/or rupture of IAs [4] [5] [6] [7] [8] [9] [10] . On the other hand, mounting evidence has suggested that genetic factors (such as gene polymorphisms) also have important roles in the etiology of IAs [11, 12] .
Throughout IA research, identification of aberrantly expressed genes in IA tissues remains to be a core approach to understanding the molecular regulatory mechanisms underlying IA development and rupture. In line with this, several groups have employed high-throughput microarray methods to study gene expression changes at the whole genome level [13] [14] [15] [16] [17] . For example, in a previous study, we identified 1,160 genes whose expression levels were significantly changed in un-ruptured aneurysmal tissues as compared to normal blood vessels [15] . We found that a cluster of extracellular matrix related genes (including collagens type I, III, V, and XI and metalloproteinases) were significantly changed. Moreover, we found that a number of immune/inflammation-related genes were also differentially expressed in IA tissues [15] . Collectively, these functional genomic studies provided important information regarding the potential molecular mechanisms implicated in this multifactorial cerebral vascular disease [18] .
MicroRNAs (miRNAs) are a class of short (18-25 nucleotides), non-coding RNAs that have fundamental roles in post-transcriptional regulation of gene expression. Regulation of gene expression by miRNAs may be achieved via either sequence-specific interactions with target mRNAs and subsequent mRNA degradation, or miRNA-mediated translational repression [19, 20] . Therefore, miRNAs represent another layer of regulation of gene expression in addition to the conventional promoter-dependent transcriptional regulation. There is evidence showing that miRNAs are able to regulate a variety of target genes which are critical for the homeostasis of vascular endothelial and smooth muscle cells [21] . Consistent with this notion, experimental studies have revealed that aberrant expression of several miRNAs may be involved in pathological vascular remodeling, in which each individual miRNA may have a specific protective or pathogenic role [22, 23] . In particular, different groups have shown that the expression levels of many miR-NAs are significantly changed in human abdominal aortic aneurysm (AAA) tissues [24, 25] .
Currently, however, there is limited information about alterations in miRNA expression in cerebral aneurysms. A recent genomic study demonstrated that in human IA tissues, 18 miRNAs were significantly downregulated [26] . Despite these pilot results, however, there is evidence suggesting that the degree of correlation between different microarray data sets is low [18] . Hence, given the small sample number included in the previous study, a necessity for separate verification experiments is highlighted. In our previous study, we demonstrated that a subset of inflammation-related miRNAs were selectively upregulated in the plasma of stroke patients with intracerebral hemorrhage [27] . In the present study, we carried out experiments to detect genomewide changes in miRNA expression in IAs, and performed integrative analyses in conjunction with changes of the IA transcriptome, in an attempt to identify novel biological processes that might be implicated in IA pathogenesis.
Methods

Patient recruitment
This study was approved (#10051) by the Human Ethics Committee of Shandong University Qilu Hospital, and informed consents were obtained before start of the experiment, directly from the patients or their first-degree relatives of unconscious subjects. Six patients with IAs undergoing surgical clipping treatment were included in the study. These cases were selected by the operating neurosurgeons on a basis that removal of the residual aneurysmal wall would not affect the outcome of the treatment. IA tissues were removed during clipping surgery (see Figure 1 ) and snap-frozen in liquid nitrogen. The basic clinical data of patients and characteristics of the aneurysms were summarized in Table 1 . Normal superficial temporal arteries were collected from traumatic patients undergoing craniotomy treatments. Each case was individually matched in gender, age (±5 years), and high blood pressure history with controls. All of the control subjects were free of family history of aneurysmal disorders.
Sample processing and RNA extraction
Frozen tissues were quickly transferred into TRIzol Reagent (Life Technologies, Grand Island, NY, USA) and homogenized immediately with a Dounce tissue grinder. Total RNA was isolated according to the manufacturer's protocol and analyzed with Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA). Because the total RNA yield from some aneurysmal tissues was below the minimum amount required for routine microarray detection, these low-yield samples were then combined to increase the mass of total RNA (see Table 1 footnote).
Microarray assays
Microarray analysis was performed using Agilent Human miRNA (8*15K) V14.0 arrays (design ID: 31945) at ShanghaiBio Corporation (Shanghai, China). The miRNA molecules were labeled using the miRNA Complete Labeling and Hyb Kit from Agilent, following the manufacturer's standard protocol. Each slide was hybridized with 100 ng Cy3-labeled RNA in hybridization oven at 55°C for 20 hours. After hybridization, slides were washed with Gene Expression Wash Buffer (Agilent) and scanned with an Agilent Microarray Scanner (G2565BA). Slide images were processed with the Feature Extraction software 10.7 (Agilent) with default settings.
Bioinformatics analysis
Target genes for each miRNA were manually retrieved from different public databases, including miRecords [28] , TarBase [29] and Ingenuity Knowledge Base (Ingenuity Systems, Redwood City, CA, USA). The miRNA target genes included in these databases are all experimentally validated and published in the literature. Gene functional annotations were performed using DAVID Bioinformatics Resources (National Institute of Allergy and Infectious Diseases, NIH) [30] or the IPA software (Ingenuity Systems). Benjamini and Hochberg False Discovery Rate analysis was used for multiple testing correction. The interaction networks were constructed using the Cytoscape platform based on information stored in public databases including BIND, DIP, HPRD, INTACT and BIOGRID [31] . The IA transcriptome data from our previous study were retrieved from GEO database (GSE26969) [15] .
Quantitative real-time PCR (qPCR)
Total RNA of 10 ng was converted to cDNA using miR-CURY LNA Universal cDNA Synthesis Kit (Exiqon). The cDNA was diluted 20 times and 4 μl of diluted cDNA was added into a 10 μl reaction system for qPCR reaction. qPCR was performed with the pre-designed UniRT LNA microRNA primer sets and SYBR Green master mix (all from Exiqon). The catalogue numbers of the primers for miR-99b*, miR-340*, miR-493 and miR-1208 were 204064, 204250, 204557 and 204537 respectively. The sequence for miR-648 was aagugugcagggcacuggu. U6 and RNU5G snRNAs (Exiqon Cat #203907 and 203908) were used as house-keeping genes. To ensure that the UniRT LNA primer-based PCR reactions had consistent amplification efficiency, we performed characterization experiments by amplifying serial dilutions of synthetic miRNA templates. We confirmed that there was a nice linearity between the log-transformed concentration of input miRNA and the yielding Ct values (r 2 > 0.96). The relative quantification method was used for qPCR data analysis [32] . Principally, ΔCt was calculated as the Ct value of the test gene minus that of the house-keeping gene. ΔΔCt was calculated as the ΔCt value of a given gene in patient subjects minus that in control subjects. The relative gene expression level (fold) was expressed as the calculated value of 2 -ΔΔCt .
Statistical analysis
The raw microarray data were processed and analyzed with the GeneSpring GX software (Agilent). The data were first filtered according to the signal intensities, with genes that were classified as A (absence) in all samples being excluded from further analysis. The Robust Multi-Array Average (RMA) algorithm was used for data normalization, and the Benjamini and Hochberg False Discovery Rate multiple testing correction was used for statistical analysis. Other data were expressed as mean ± standard error of the mean (SEM). Differences between groups were analyzed with unpaired t-test using GraphPad Prism. A value of P < 0.05 was regarded as statistically significant.
Results
We profiled global miRNA expression levels in IA tissues and compared with normal blood vessels. Out of the 887 miRNA genes included in the array, 475 miRNAs were detected (not classified as Absence in at least one of the samples tested). Principal component analysis (PCA) of the microarray data showed that IA samples and control samples displayed divergent trends in signal intensity distributions as shown in Figure 2 , indicating an altered miRNA expression profile in IAs. Likewise, hierarchical clustering analysis clearly demonstrated that the patterns of global miRNA expression were distinct between IAs and control vessels (with all IA samples and control samples being clustered together respectively) ( Figure 2 ). Specifically, we identified 157 miRNAs that were differentially expressed in IAs (P < 0.05 and fold change ≥ 2), including 72 upregulated and 85 downregulated versus the control vessel (see Addition files 1 & 2). Among the changed miRNAs, we observed a number of miRNAs that were primarily involved in functions of vascular endothelial and smooth muscle cells. These included endothelium-enriched miRNAs such as members of the let-7 family (let-7a to let-7g, and let-7i), miR-17, miR-23b, miR-126, hsa-miR-24-1 and miR-222 [25, 33] ; and vascular smooth muscle-enriched miRNAs such as miR-143 and miR-145 [34, 35] . Moreover, the changed miRNAs also contained miR-1, miR-10a, miR-125b, and miR-26a, which were implicated in modulating vascular smooth muscle cell functions such as proliferation, apoptosis and shift of phenotype [34, 35] . In contrast, miRNAs involved in monocyte and macrophage functions, such as miR-155, miR-146a, miR-223, and miR-124a, were not significantly changed [25] .
To validate the microarray data, we randomly selected five miRNAs, including miR-99b*, miR-340*, miR-493, miR-1208 and miR-648, for qPCR validation (all P values for these miRNAs in the microarray assay being < 0.001). In our preliminary test, however, we found that miR-648 and miR-1208 could not be readily detected by PCR, hence we did not include them in further analysis. For PCR experiments, we used a semi-independent sample including new and the original samples, because of the shortage of clinical IA specimens. Basic clinical parameters of this cohort were: average age 58 ± 3 years, 38% male, 25% with hypertension history, and 38% with smoking. We confirmed that miR-99b* and miR-493 were significantly upregulated in IAs, while miR-340* was downregulated ( Figure 3 ). The trends of change in these miRNAs were consistent with those observed by microarray assays. To exclude the possibility that the selection of house-keeping gene could influence the qPCR results [36] , we synthesized a C. elegans miRNA cel-miR-39-3p (by TaKaRa, Dalian, China) and used it as a spike-in reference. We determined that neither the U6 gene nor RNU5G gene was significantly different between control and IA samples (1.2 ± 0.5 and 1.3 ± 0.5 fold of controls for U6 and RNU5G respectively, all P > 0.05, n = 5). In addition, using Cq values of RNU5G as the house-keeping gene did not modify the trend of changes in gene expression as using U6.
To clarify whether and how these changed miRNAs were relevant to the development of IA, we performed bioinformatic data mining by surveying different public databases, and produced a target gene list for all of the differentially expressed miRNAs. Gene functional annotation analysis indicated that multiple biological processes/pathways associated to these miRNAs (and their target genes) were potentially connected to IA formation and/or rupture. These biological processes/pathways include blood vessel development, smooth muscle cell proliferation, programmed cell death, response to oxidative stress, extracellular matrix organization, transforming growth factor (TGF)-β signaling pathway, innate immune response, and leukocyte activation. The miRNA entities under each category and their target genes relevant to IA are summarized in Table 2 . Of note, a predicted vascular abnormality that was associated with the changed miRNAs was aortic dissection, another aneurysmal disorder of the artery.
To elucidate functional interrelationships of the miRNA target genes, we performed gene network analysis and created a network map covering a subset of the genes involved ( Figure 4 ). We showed that there were complex functional interactions between the target genes. In particular, we identified several genes that might have the most important functional roles in the network (i.e. those with the highest number of connections with other genes), including p53, Bcl-2, Smad1/3/4, TGF-β receptor (TGFBR) 1, MAPK1 (mitogen-activated protein kinase 1, also known as ERK2) and c-Jun (Figure 4 ).
Bioinformatic analysis revealed that a subset of the potential miRNA target genes belonged to the protein translation machinery, including various eukaryotic translation initiation factors and ribosomal proteins ( Table 3) . Notably, this finding was highly correlated with our previous transcriptome study with a similar experimental design [15] , showing that multiple genes of the ribosomal proteins and translation initiation and elongation factors were significantly downregulated in human intracranial aneurysms (see Table 3 ).
Discussion
In this study, we compared miRNA expression profiles in human IAs and normal arterial tissues. We have discovered that there are extensive changes in miRNA expression in IAs, while the biological functions of the majority of these miRNAs remain to be clarified. In a recent study in ruptured IA samples, the authors reported that 18 miRNAs were significantly downregulated in IAs; these miRNAs were associated with functions including proliferation and migration of leukocytes and/or smooth muscle cells [26] . In the present study, we identified 85 downregulated miRNAs in the IA tissue. Notably,~50% of the downregulated miRNAs reported by the previous study have also been confirmed by our results. However, we also identified 72 miRNAs that were upregulated in IAs, while no miRNA upregulation was detected in the previous study [26] . As suggested, the difference in the number of altered miRNAs detected in the two studies is likely to be due to the small sample size used for microarray analysis [18] . It was noted that only 3 IA specimens were used in the initial microarray discovery stage in the previous study, and this limited biological replication might compromise the rate of positive findings [26] .
Genomic annotation analysis has provided some clues on the potential functional connections between the altered miRNAs and IA pathogenesis. Specifically, network analysis revealed that the altered miRNAs were related to several biological processes, including innate immune response, leukocyte activation, extracellular matrix organization, TGF-β signaling, smooth muscle cell proliferation, blood vessel development, programmed cell death, and response to oxidative stress. Of note, these biological functions are closely associated with multiple pathological conditions such as inflammation, dysregulation of extracellular matrix, and disrupted blood vessel homeostasis, all of which are closely associated with the development of IA [7, [37] [38] [39] [40] . Moreover, a subset of the changed miRNAs (e.g. miR-1, miR-125b, miR-222, miR-26a, miR-17, miR-126 and miR-23b) have been shown to have important roles in modulating functions of vascular endothelial and smooth muscle cells, and dysregulation of these miRNAs may be associated with various vascular pathologies [33] [34] [35] . Also, our results indicate that some of these miRNAs may be involved in modulating the turnover of extracellular matrix. For example, we ID2, ID1, ID3, ACVR2A, ACVR1, SMAD5, SMAD1, BMPR1B, BMPR2, TGFBR1,  TGFBR2, SMAD4, TGFB3, SMAD3 Smooth muscle cell proliferation miR-29b, miR-125a-5p, miR-1, let-7a, miR-101, miR-26a, miR-30c KLF4, ID2, IGFBP3, PPARG, NOTCH3, IGF1, VEGFA, PTK2, JUN Aortic dissection miR-29b, miR-218, let-7a, miR-26a COL3A1, COL1A1, TGFBR1, TGFBR2, SMAD3, COL5A2, FBN1
The target genes listed are all experimentally validated and published in the literature.
showed that miR-29b was downregulated in IA. In a recent study, Fang et al. demonstrated that one of the direct gene targets of miR-29b was metalloproteinase-2 [41] . It is well documented that aberrant production or activation of metalloproteinases may have a critical role in IA development [42] . A causal role of altered miRNA expression in the pathogenesis of IA remains to be confirmed. In parallel, studies in animal models showed that interventions targeting specific miRNAs might have beneficial effects on the development of AAA [43] . Pahl et al. examined the miRNA expression pattern in human AAA tissues and revealed that miR-133a, miR-133b and miR-331-3p were significantly downregulated in AAAs [24] . Notably, we found that these three miRNAs were also downregulated in IAs, suggesting that they might be involved in some common pathways implicated in arterial aneurysm formation. Dysregulated expression of miR-133a and miR-133b has been found in some types of cancer [44] . Moreover, miR-133a has been shown to have critical roles in modulating cardiac development and maintaining skeletal muscle homeostasis [45, 46] . Similar to miR-133, miR-331-3p is also involved in regulating growth of certain cancer cells [47] . However, the biological effects of changed expressions of miR-133a/b and miR-331-3p in vascular tissues are currently unclear. In addition, we noted that the majority of changed miRNAs in human AAAs were distinct from those changed in IAs, supporting the argument that AAA and IA might be associated with divergent genetic and/or biochemical mechanisms [48] .
An interesting finding was that there was a remarkable correlation between the present genomic miRNA data with our previous IA transcriptome data, showing that a subset of genes related to the protein translation process might be dysregulated in IAs. Indeed, abnormalities of the protein translation machinery underlie a variety of inheritable diseases [49] . Aberrant ribosomal biogenesis has also been linked to cardiovascular pathologies such as myocyte hypertrophy [50, 51] . In vascular smooth muscle cells, activation of the Akt-mTOR (mammalian target of rapamycin)-p70S6 kinase pathway, the master regulator of eukaryotic protein translation, has profound impacts on the proliferation and differentiation functions [52] [53] [54] . Nevertheless, it remains to be clarified whether disruptions of the protein translational process are involved in the pathogenesis of IA.
Functional network analysis on the miRNA target genes suggests that p53, Bcl-2, and proteins involved in the TGF-β signaling pathway and the MAPK signaling pathway may be important regulators in the process of IA development. Both p53 and Bcl-2-related proteins have critical roles in modulating cell apoptosis and senescence [55, 56] . Indeed, cell apoptosis appears to be a hallmark of the pathological changes occurring in the aneurysmal vessel wall [7, 57] . Similarly, previous studies have shown that activation of the MAPK pathway, especially the JNK and p38 kinases, is also increased in IA tissues [58, 59] . Given the fundamental roles of JNK and p38 in mediating cell apoptosis and inflammatory responses, and the close relationship between apoptosis/inflammation and IA [7] , it is supposed that aberrant activation of the MAPK pathway may have an important role in the pathogenesis of IA [60] . For proteins involved in the TGF-β signaling pathway, limited evidence has suggested that the expression levels of TGF-β receptors may be changed during IA development [61] . It is known that genetic variations in the TGFBR1 and TGFBR2 genes are associated with an increased risk of AAA; however, there is no evidence that TGFBR1 or TGFBR2 gene polymorphisms are linked to IA [62] . Hence, an involvement of the TGF-β signaling pathway in IAs is still elusive.
A limitation of the present study is the relative small sample number, which is due to the difficulty in collecting suitable clinical IA specimens [63] . The aneurysmal samples included in the present study were obtained with cautions to guarantee that removal of the residual aneurysmal wall after clipping would have no impacts on the outcome of surgical treatment. Likewise, normal cerebral arterial tissues are not readily accessible for many researchers either. Hence, different groups used either superficial temporal arteries or middle meningeal arteries as control in array studies [13, [15] [16] [17] . In the present study, we could not totally rule out differences in miRNA expressions between the superficial temporal artery and normal cerebral artery. Moreover, the microarray assay cannot provide information on the absolute copy number of a given miRNA, while this disadvantage can be overcome by more advanced technologies such as high-throughput sequencing.
Conclusions
In this study, we showed that there were extensive changes in miRNA expression in human intracranial aneurysms, and these included several endothelium-and vascular smooth muscle-enriched miRNAs. Our results suggest that Table 3 Genes related to eukaryotic protein translation identified by genomic miRNA and mRNA analyses Potential target genes of the altered miRNAs in IA Downregulated mRNAs in IA* Eukaryotic translation initiation factor 1 (EIF1) Eukaryotic translation initiation factor 1A, X-linked (EIF1AX)
Eukaryotic translation initiation factor 1A, X-linked (EIF1AX) Eukaryotic translation initiation factor 2, subunit 1 (EIF2S1)
Eukaryotic translation initiation factor 2, subunit 1 alpha (EIF2S1) Eukaryotic translation initiation factor 3, subunit 4 (EIF3S4)
Eukaryotic translation initiation factor 2, subunit 2 beta (EIF2S2) Eukaryotic translation initiation factor 3, subunit 7 (EIF3S7) Eukaryotic translation initiation factor 3, subunit H (EIF3H) Eukaryotic translation initiation factor 3, subunit 9 (EIF3S9) Eukaryotic translation initiation factor 4A1 (EIF4A1) Eukaryotic translation initiation factor 4B (EIF4B)
Eukaryotic translation initiation factor 4E binding protein 2 (EIF4EBP2) Eukaryotic translation initiation factor 4E member 3 (EIF4E3)
Eukaryotic translation initiation factor 4 gamma, 3 (EIF4G3) Eukaryotic translation elongation factor 1 delta ( development of intracranial aneurysms may be associated with disruptions of the normal protein translational process in vascular cells.
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